Among the wheat prolamins important for its end-use traits, a-gliadins are the most abundant, and are also a major cause of food-related allergies and intolerances. Previous studies of various wheat species estimated that between 25 and 150 a-gliadin genes reside in the Gli-2 locus regions. To better understand the evolution of this complex gene family, the DNA sequence of a 1.75-Mb genomic region spanning the Gli-2 locus was analyzed in the diploid grass, Aegilops tauschii, the ancestral source of D genome in hexaploid bread wheat. Comparison with orthologous regions from rice, sorghum, and Brachypodium revealed rapid and dynamic changes only occurring to the Ae. tauschii Gli-2 region, including insertions of high numbers of non-syntenic genes and a high rate of tandem gene duplications, the latter of which have given rise to 12 copies of a-gliadin genes clustered within a 550-kb region. Among them, five copies have undergone pseudogenization by various mutation events. Insights into the evolutionary relationship of the duplicated a-gliadin genes were obtained from their genomic organization, transcription patterns, transposable element insertions and phylogenetic analyses. An ancestral glutamate-like receptor (GLR) gene encoding putative amino acid sensor in all four grass species has duplicated only in Ae. tauschii and generated three more copies that are interspersed with the a-gliadin genes. Phylogenetic inference and different gene expression patterns support functional divergence of the Ae. tauschii GLR copies after duplication. Our results suggest that the duplicates of a-gliadin and GLR genes have likely taken different evolutionary paths; conservation for the former and neofunctionalization for the latter.
INTRODUCTION
Wheat prolamins are the main repository for nitrogen in the endosperm of the seeds, an important protein source in human diets, and essential in determining the processing quality in the production of a range of end-products . However, wheat prolamins also cause food-related allergies and intolerances, such as celiac disease (CD; Scherf et al., 2016) . Wheat prolamins can be subdivided into glutenins and gliadins.
High-molecular-weight (HMW) and low-molecular-weight (LMW) glutenins are subunits of the gluten polymers formed by intermolecular disulfide bonds. Gliadins are monomeric polypeptides generally not involved in the formation of the gluten polymer, and are traditionally subdivided based on electrophoretic mobility into the a, c, d and x-gliadins. The sequences of the gliadins and LMW glutenins are closely related, and together form a gliadin superfamily. In contrast, the HMW glutenins are a more distantly related group of prolamins .
Molecular and biochemical characterization of prolamin genes and proteins are often difficult due to the complexity of their multigene families. In wheat, prolamin loci are localized in three chromosomal regions. One of the most effective methods for better understanding the structure, function and evolution of the complex prolamin genes is to completely sequence the genomic regions harboring them. HMW glutenin genes are located at the Glu-1 loci on the long arms of the wheat group 1 homeologous chromosomes (Payne et al., 1980; Anderson et al., 1984) . The genomic regions carrying the Glu-1 loci have been analyzed in detail by sequencing BAC contigs derived from different subgenomes of hexaploid wheat, tetraploid wheat and ancestral diploid species (Gu et al., 2004a (Gu et al., , 2006 . Sequence analyses revealed that the two paralogous HMW glutenin genes originated from a tandem duplication of an ancestral, water-soluble globulin gene; this duplication occurred before the divergence of Brachypodieae and Triticeae from a common ancestor, and in the progenitor of wheat, one of the two copies evolved to become a HMW glutenin prolamin gene by gaining several unique features including repeat domains rich in proline and glutamine (Xu and Messing, 2009; Gu et al., 2010) .
The short arms of the same chromosomes carry the Glu-3 loci encoding the LMW glutenins and the Gli-1 loci encoding c-, d-and x-gliadins Dong et al., 2016b) . The Glu-3 and Gli-1 loci are more complex than the Glu-1 loci because they are tightly linked and each contains multiple prolamin genes. Similar strategies of sequencing BAC clones have been used to decipher the structure and organization of the Glu-3 and Gli-1 loci (Wicker et al., 2003; Gao et al., 2007; Huang and Cloutier, 2008; Dong et al., 2010) . Because the sequenced BACs were identified by hybridization to prolamin gene-derived probes, and thus did not span the entire Glu-3/Gli-1 loci, the knowledge gained from these studies was useful, but not complete. Recently, a large BAC-based physical contig covering a 2.8-Mb genomic region and spanning both the Glu-3 and Gli-1 loci was identified and completely sequenced from a diploid Aegilops tauschii species, the D-genome donor of hexaploid wheat (Dong et al., 2016b) . The study delineated the genomic structural organization of genes encoding LMW glutenins and c-, d-and x-gliadins. It also revealed dynamic sequence evolution in the Triticeae lineage, as evidenced by the dramatic burst of non-syntenic genes including these prolamin genes as well as disease resistance genes compared with other grass genomes, such as rice, sorghum and Brachypodium. These non-syntenic genes originated from independent gene insertions followed by local/tandem duplications. The observation that the prolamin and disease resistance genes are often interspersed with each other supports the hypothesis that they coevolved in the region (Dong et al., 2016b) .
The a-gliadin genes have been mapped to the group 6 chromosomes at the Gli-2 loci (Gu et al., 2004b; Kawaura et al., 2012) . Compared with the other prolamin genes, the genomic organization of regions carrying a-gliadin genes has been less studied. However, a-gliadins are important, as they comprise 15-30% of the seed storage proteins in the wheat grain. Unfortunately, they are also major triggers of CD, with four major T-cell stimulatory epitopes identified. There is considerable interest in developing new cereal cultivars that lack or have reduced levels of such immunogenic peptides, but still maintain high baking quality (Shewry and Tatham, 2016) . Genetically, the number of a-gliadin genes in different wheat cultivars and ancestral species varies significantly, ranging from 25 to 150 copies according to previous estimates by Southern blot hybridization (Harberd et al., 1985; Anderson et al., 1997) . These differences are likely caused by differential duplication and/or deletion of genes or chromosome segments. Unequal recombination/crossover often results in expansion and contraction of gene family numbers. Insertion or deletion of transposable elements (TEs) in the genome also provides potential for duplication and deletion of gene family numbers. A better understanding of the genomic organization of Gli-2 loci would provide insights into their structure and evolution, and facilitate the development of strategies for more effective breeding programs or biotechnological approaches to change their levels or compositions. Previous characterization of tetraploid durum wheat BAC clones carrying a-gliadin genes indicated that they are not evenly distributed in the Gli-2 locus regions and TEs might play an important role in the dynamic evolution of the loci (Gu et al., 2004b) . Recently, five BAC clones carrying a-gliadin genes in the hexaploid wheat cv. Chinese Spring were analyzed, comprising two BACs each from the A and B genomes and one BAC from the D genome. Due to the complexity of the genomic regions likely associated with the duplication of prolamin genes and other repetitive DNA, none of the BACs could be assembled into one contiguous sequence. A total of 12 full-length a-gliadin genes and four pseudogenes were identified, with four from the A, 11 from the B, and only one from the D genomes (Kawaura et al., 2012) . Although this work represented a significant step forward towards characterization of a-gliadin genomic regions, the majority of the Gli-2 loci have not been covered, particularly those from the D genome.
The diploid grass, Ae. tauschii, is the source of the wheat D genome. It not only provides genetic resources for useful traits for wheat improvement, but also contributes most to flour baking quality due to the unique features present in the D genome prolamins; in particular, the two HMW glutenin subunits (Shewry et al., 2003) . With the recent development of genetic and genomics resources in Ae. tauschii, it has been recognized as an important model species to understand the mechanisms underlying the polyploidization and evolution of wheat genomes and to improve wheat varieties through breeding (Jia et al., 2013; Kumar et al., 2015; Luo et al., 2017; Xie et al., 2017) . Here, we report a high-quality contiguous genomic sequence of Gli-2 locus region from the Ae. tauschii genome. We obtained this sequence by filling gaps using two independent genome assemblies. We performed the detailed sequence annotation and comparative analysis of syntenic regions with model grass genomes (Brachypodium, rice and sorghum). The high-quality sequence facilitated the identification of sequence changes that might have shaped the Gli-2 locus genomic regions and contributed to the evolution of a-gliadin genes in wheat and its ancestral genomes. A total of 12 a-gliadin genes were identified and their expression was characterized using transcriptome data. This work presents the first contiguous sequence spanning an entire a-gliadin locus and provides new insights into the genomic structural organization and evolution of wheat prolamin genes.
RESULTS
Sequence of the a-gliadin region in Ae. tauschii
To identify Gli-2 genomic regions, we used a-gliadin gene sequences to perform BLASTN searches against the Ae. tauschii genome assembly (v3.0) generated by a combination of ordered-clone and Illumina whole-genome shotgun sequencing approaches . A single region of~550 kb in size was identified on the short arm of chromosome 6D. To facilitate the identification of orthologous regions from other grass species, we extracted a 1.75-Mb genomic segment, which included a~1000-kb sequence upstream of the first a-gliadin gene and~190-kb sequence downstream of the last a-gliadin gene. The extracted sequence had 49 gaps in the a-gliadin gene region with an estimated total gap size of~56 kb, which could potentially impact our genomic structure analysis. However, the genome of the same Ae. tauschii accession has also been sequenced using long sequence reads generated on the PacBio RS II platform and independently assembled using a hybrid approach (Zimin et al., 2017) . We improved the sequence quality of the Gli-2 region by comparing the two independent Ae. tauschii genome assemblies. Both genome assemblies contained gaps, but often at different positions, and we were able to fill all 49 gaps with the hybrid assembly. The improved assembly was aligned to the Ae. tauschii BioNano genome map, a whole genome restriction map based on imaging large genomic DNAs fluorescently labeled at specific restriction sites (Hastie et al., 2013) . The improved sequence showed a near complete agreement with the BioNano map with regard to both restriction sites and the distances between them (Figure 1 ). The only discrepancy occurred at a position at about 1.12 Mb where a restriction site was present in the BioNano map, but absent in the sequence. It is not clear if the genome sequence at the restriction site was polymorphic, resulting in its disappearance in the consensus sequence. Minor discrepancies between the BioNano map and the corresponding sequence have been reported in sequencing genomic regions carrying maize storage protein genes (Dong et al., 2016a) .
We aligned the sequence with the Ae. tauschii genetic map and identified four SNP markers (AT6D5314, AT6D5315, AT6D5316 and AT6D5318) that can be anchored to the analyzed region. The SNP markers furthest apart, AT6D5314 and AT6D5318, were located at 50.638 cM and 51.375 cM positions, respectively, indicating the analyzed region spanned an estimated genetic interval of 0.737 cM. An estimated recombination rate in this region was 0.421 cM Mb À1 , a value slightly higher than the genomewide average of 0.33 cM Mb À1 for Ae. tauschii (Luo et al., 2013) . The marker sequence of AT6D5317 was not present in the analyzed region, but rather located 71 kb downstream of AT6D5318. These two markers co-segregated in genetic mapping (Luo et al., 2009) Figure 1 . Sequence assembly of the Aegilops tauschii a-gliadin genomic region. A 1.75-Mb sequence containing a-gliadin genes was extracted from the Ae. tauschii genome assembly (V1.0; Luo et al., 2017) . Gaps were filled by aligning with the Ae. tauschii hybrid assembly that used PacBio long reads (Zimin et al., 2017) . The final sequence (green) was digested in silico with the restriction endonuclease, Nt.BspQ1, and aligned with the Ae. tauschii BioNano genome map (blue; Luo et al., 2017) . Each vertical line between the sequence and BioNano map represents agreement based on the sequence motif of the endonuclease recognition site (GCTCTTC). The arrow points to a position where a site is absent in the sequence, but present in the BioNano map. A genetic map with four SNP markers is aligned with the sequence based on sequences in the SNP regions. The genetic distance (cM) of each marker on the short arm of chromosome 6 is indicated.
Synteny comparison of orthologous a-gliadin gene regions among grass species a-Gliadin genes are found only in Triticum and their diploid ancestral species, and often do not have significant sequence matches in other grass genomes. Therefore, the gene sequences flanking the a-gliadin gene cluster were used to identify orthologous regions from Brachypodium, rice and sorghum genomes. The orthologous Brachypodium, rice and sorghum regions had similar sizes of 43,~37 and~60 kb, respectively. Based on sequence annotation, seven ancestral genes are shared by all four grass species (Figure 2 ; Table S1 ). In Brachypodium, rice and sorghum, these ancestral genes are present as single copies in the analyzed region. In addition, in these small compact genomes, synteny appeared to be well maintained as only one non-syntenic gene (in sorghum) was detected ( Figure 2 ). A gene encoding 60S ribosomal protein was shared between Brachypodium and Ae. tauschii, suggesting that insertion of this gene occurred before the divergence of Brachypodieae and Triticeae from a common ancestor.
In contrast to the orthologous regions from these compact grass genomes, the Ae. tauschii region has greatly expanded to~1.75 Mb. A total of 39 genes was annotated, most of which were non-syntenic genes only present in Ae. tauschii ( Figure 2 ; Table S1 ). A majority of these nonsyntenic genes showed matches to annotated genes that were located in the non-syntenic positions in the other grasses, suggesting that they were inserted by duplication/ translocation of donor genes from different regions in the Ae. tauschii genome (Glover et al., 2015) . Although most of the inserted, non-syntenic genes were present in single copies in the Ae. tauschii region, the F-box/FBD/LRR protein genes (five copies) and a-gliadin genes (12 copies) were present in multiple copies. Considering that the insertion of non-syntenic genes generally occurs at the level of a single gene (Glover et al., 2015) , the presence of multiple copies of a non-syntenic gene suggests its duplication after the initial insertion. In addition, it was found that three out of seven ancestral genes (glutamate-like receptor, autophagy protein5 and trichome birefringence-like genes) were duplicated only in the Ae. tauschii region (Figure 2 ; Table S1 ). Taken together, both the insertion of non-syntenic genes and local gene duplication contributed to the large increase in gene number, indicating that it has diverged considerably compared with the other grass species.
We then examined the expression of these annotated genes in Ae. tauschii by calculating their RPKM (read per kilobase of transcript per million mapped reads) values using the available Ae. tauschii transcriptome dataset (Jia et al., 2013) . The RPKM values differed significantly among the genes (Table S1 ). Notably, a number of non-syntenic genes was expressed, supporting the previous observation that 74% of non-syntenic genes are expressed and likely functional (Glover et al., 2015) .
Duplication and phylogeny of glutamate-like receptor (GLR) genes
All the a-gliadin genes were clustered and located between GLR genes (Table S1 ). Plant GLRs are homologous to the genes for mammalian ionotropic glutamate receptors (iGLURs) and have been proposed to have a potential role as amino acid sensors in plant defense (Price et al., 2012) . Unlike other grass genomes that contain single copies of the GLR gene, the Ae. tauschii region has four copies spanning a region of~840 kb. Phylogenetic analyses indicate that GLR4 is in the same branch with the Brachypodium, rice and sorghum GLR genes (Figure 3a ), suggesting it is the ancestral copy. The other three Ae. tauschii GLR genes (GLR1-GLR3) were grouped into a separate branch and likely derived from the duplication of the ancestral GLR4 gene, followed by further gene duplication. Transcriptome analysis showed that all GLR genes were expressed in multiple tissues, but their expression pattern was different ( Figure 3b ). Compared with the other three GLR genes, the expression of GLR4 was highest in all the tissues examined. Expression of GLR1, GLR2 and GLR3 was nearly absent from leaves, the tissue where GLR1 transcript levels are highest. Taken together, the data suggest that the duplicated GLR genes might have evolved to be divergent with regard to their expressions.
Genomic structure and duplication of a-gliadin gene regions
Genomic structure analysis revealed that one a-gliadin copy (a1) is located between GLR2 and GLR3, and the other 11 copies were between GLR3 and GLR4 (Figure 2 ; Table S1 ). Considering that the a-gliadin genes in this region were among GLR genes, we assumed that insertion of the first a-gliadin gene occurred after a GLR gene duplication event. The large numbers of a-gliadin genes were likely derived from further duplication events within this region. To better understand the a-gliadin gene duplication events, we performed a detailed sequence annotation of the~550 kb Ae. tauschii region between GLR2 and GLR4 that contained all the 12 a-gliadin gene sequences (Figure 4) . The interval distances between two a-gliadin genes ranged from 6 kb (a2-a3) to 163 kb (a10-a11). Analysis of the region between a2 and a3 identified a 1944-bp sequence (labeled in yellow) that appeared to be present in most regions between two a-gliadin genes (Figure 4 ). This sequence showed nucleotide similarity to the LTR region of a type-1 retrotransposable element, named Hawi in the TREP database (http://botserv2.uzh.ch/kelldata/trep-db/inde x.html). The distance of this repeat sequence to the stop codon of the a2 gene was about 2.1 kb, and it was 1.7 kb away from the start codon of the highly expressed (Table S1 ) a3 gene. Using this information, we can tentatively define the 5 0 promoter and 3 0 non-coding regions for each a-gliadin gene. Compared with the a2 region, we found that the Hawi LTR region was expanded in other agliadin gene regions (Figure 4 ). When the two regions from a2 and a4 were aligned, an insertion of~28 kb DNA sequence was detected. This inserted sequence was flanked by an 8-bp target site duplication sequence (TTTGTTAG; Figure 4) . Analysis of the inserted sequence did not reveal high sequence similarity to any annotated repeat DNA elements in the TREP database, suggesting that this insertion more likely resulted from a DNA translocation event. Within this inserted sequence, two different tandem repeats, both over 3 kb in size, were identified (indicated by the red-and blue-colored arrows in Figure 4 ).
The evolutionary relationship of these a-gliadin gene regions can be inferred based on comparisons of the genomic structures of any two a-gliadin genes (Figure 4) . The a2 region likely represents the ancestral a-gliadin gene sequence, as it contains an intact 1944-bp Hawi LTR region. The 28-kb insertion then occurred in one of the duplicated a2 regions. Since then, the other a-gliadin genes were likely duplicated from the copy containing the 28-kb insertion structure (Figure 4 ). a3 and a4 were more closely related as their duplication appeared to occur after the insertion of a shared Sabrina element in the 3 0 noncoding region. After the duplication, an insertion of a LINE non-LTR TE and a deletion of over 5-kb sequence occurred For the construction of the phylogenetic tree (a), protein sequences from orthologous GRL genes from Brachypodium (Bradi3g01620), rice (LOC_OS02g02540), sorghum (Sobic.004G013300) and the four GLRs from Ae. tauschii were used for analysis, with the Arabidopsis GLR (AT1G42540) used as an outgroup. The tree was drawn using the MEGA7 program with the neighbor-joining method. The tree is drawn to scale, with branch lengths measured in the number of substitutions per site. The bar with the number at the bottom indicates the number of substitutions per unit length. For the analysis of GLR gene expression (b), the available transcriptome data (Jia et al., 2013) were downloaded and the reads were mapped to the coding DNA sequences (CDS) of all annotated Ae. tauschii genes in the a3 region. Compared with the structure of the 28-kb inserted region in the a4 region, several sequence rearrangements have occurred to the a5, a6, a7, a8 and a9 regions. This included a shared insertion of a Sabrina element, a deletion event that removed the red-colored tandem repeats, one of the 8-bp target site duplication sequences, and a part of the Hawi LTR sequence, and an insertion of a 5-kb non-TE sequence flanked by a GGCGG target site duplication sequence. Given that these sequence rearrangement events are shared, duplication of a5, a6, a7, a8 and a9 genes took place after their occurrence, suggesting their closer relatedness. After the duplications, there was a sequence deletion starting from thẽ 28 kb insertion region of the a6 region to the promoter region of the a7 gene. In the a8 region, there was also an insertion of a Caspar DNA TE (Figure 4) . Different sequence rearrangements occurred in the a1 and a12 regions. In the a1 region, a 34-kb sequence containing a GLR gene (GLR3), one CACTA DNA TE and one intact Barbara LTR retroelement was inserted in front of the red-colored tandem repeats (Figure 4) . In addition, a deletion event removed part of the 3 0 non-coding region, the Hawi LTR region and the TTGTTAG target duplication site sequence. A LINE element was inserted after the redcolored tandem repeats. Another deletion event removed the sequence up to the coding region of the a2 gene, resulting in its disruption. In the a12 region, we found that only a 2.5-kb sequence including the promoter, the coding sequence and the 3 0 non-coding region of the gliadin gene plus a 1.5-kb end sequence containing the TTGTTAG target site duplication sequence and part of the Hawi LTR region were conserved. The rest of the sequences seemed to have been changed or replaced by a CACTA element and additional uncharacterized sequences. However, the presence of the Hawi LTR region and the TTGTTAG target duplication site implies that the a12 region once contained a structure similar to the other a-gliadin gene regions.
The most dramatic sequence changes occurred to the a10 and a11 regions (Figure 4) . In both cases, multiple TE insertions have greatly expanded the size of these regions to 129 kb for a10 and 163 kb for a11. A total of 12 intact LTR TEs with two flanking LTR regions were identified in these two a-gliadin gene regions (Table 1) . We estimated insertion times of these TEs based on the assumption that the two LTRs of a TE are identical at the time of its insertion (SanMiguel et al., 1998) . Such an approach is very helpful in gaining insights into how these insertions relate to the a-gliadin gene duplications. The insertion times ranged from 1.35 Mya to 4.83 Mya (Table 1 ). In the a11 region, six out of eight LTR TEs were inserted more than 3 Mya, and two of them more than 4.5 Mya. In the a10 region, no TE was inserted more than 3 Mya. On the basis of their chronological order, it appears that the accumulation of TE insertion in the a11 region occurred earlier, or that a11 was duplicated before a10.
Phylogenetic analysis of a-gliadin genes
Among the 12 a-gliadin genes identified, five or 42% of the genes (a2, a4, a10, a11 and a12) are likely to be pseudogenes ( Figure S1 ). a2 was a gene fragment containing only 246 bp of the coding sequence due to the deletion described in the section above. a4 had a single small deletion resulting in a frame shift in translation. In the case of a10, the translated product contained two premature stop codons, likely resulting from nucleotide substitutions. Compared with the sizes of most a-gliadin coding regions, a11 had the longest coding region (1284 bp), but had multiple point mutations that resulted in six premature stop codons in the coding sequence. Compared with the other a-gliadin coding regions, a11 has a longer repeat of CAA or CAG triplets, resulting in more glutamines in the poly Q regions of the protein. a12 contained both frame shift and premature stop codon mutations. These mutations were not shared among pseudogenes, suggesting that they occurred independently.
Phylogenetic analysis was performed to infer the evolutionary relationship among the a-gliadin genes in the Ae. tauschii region (Figure 5a ). In general, the phylogenetic tree results agreed well with the relationships deduced from the genomic structure analysis (Figures 4 and 5a) . a3 and a4 were in the same branch, while a5, a6, a7 and a8 were in a different branch. Interestingly, a9 and a10 were in the same branch, although the genomic structure in the a10 region has changed dramatically ( Figure 5a ). The tree also inferred that a1 and a12 are most closely related to each other, although they are physically separated bỹ 500 kb. It is noteworthy that most branches, with the exception of the branch containing a5, a6, a7 and a8, contained both an intact and a pseudogene. To further confirm the relatedness of the a-gliadin genes, we also generated a phylogenetic tree using the 1.7-kb non-coding sequences of the promoter regions from the start codons of the a-gliadin genes (Figure 5b ). Both trees showed very similar evolutionary relationships among a-gliadin gene regions.
Transcript levels of a-gliadin genes and their promoter analysis
The a-gliadin genes in the analyzed region are paralogs derived from local gene expansion. Our analysis showed that various sequence changes have occurred to individual a-gliadin regions. One question to address is whether these changes have impacted their expression. Prolamin genes are known to have an endosperm-specific expression pattern (Pfeifer et al., 2014) . When we examined expression by mapping transcriptome reads from different tissues onto the annotated Ae. tauschii gene set, the a-gliadin gene transcripts were exclusively from seed tissues, as expected. Based on the RPKM value, all a-gliadin genes were transcribed, but their transcript levels differed greatly (Table 2) . Even among the intact a-gliadin genes, there were approximately 10-fold differences between a3 (RPKM, 1312) and a6 (RPKM, 161). The five a-gliadin pseudogenes (a2, a4, a10, a11 and a12) had much lower expression levels compared with the intact genes, with RPKMs ranging from 0.5 to 89. However, the RPKM values of all pseudogenes except a2 were still much higher than most of the non-prolamin genes in the analyzed Ae. tauschii region (Table S1 ). These pseudogenes were further confirmed using the mapped transcript reads. Because a-gliadin genes with premature stop codons are still transcribed, we examined their promoter sequences to see if cis-regulatory motifs responsible for endosperm-specific expression are present. Several such motifs have been characterized, including the prolamin-box (TGT/CAAAG; Mena et al., 1998) , the GCN4-like motif (TGAGTCA; Onate et al., 1999) and RY repeat motif (CATGCAC/T; Reidt et al., 2000) . We compared the upstream regions of the a-gliadin gene copies to identify these sequence motifs within a window of 1000 bp using PantPAN (Chang et al., 2008) . The common TATA box was also included in the motif search. Except for the a2 gene, which lacks the promoter and part of the coding regions due to a deletion event, all promoter regions contained a TATA-box at the position of À100 (Table 2 ). The prolamin box was also present in all the promoters. In most cases, its position was at À308, but in a1 and a12 it was located at À257 and À254, respectively. Although a8 had a second prolamin box at position À438, its expression level was similar to that of other intact agliadin genes. Most promoters contained three GCN4-like motifs, but a9, a10 and a12 had only two. The RY repeat motif was only absent in the a12 promoter region. In general, most endosperm-specific expression motifs were conserved in the promoters of pseudogenes, suggesting that their observed low expression may be due to the nonsense-mediated mRNA decay pathway that selectively degrades mRNAs harboring premature termination codons (Hug et al., 2016) .
Properties of Ae. tauschii a-gliadins
Of particular importance for human consumption of wheat is the immunogenic potential of the proteins encoded by the a-gliadin genes. The most significant T-cell epitopes in patients with CD are PFPQPQLPY (DQ2.5-glia-a1a), PYPQPQLPY (DQ2.5-glia-a1b), PQPQLPYPQ (DQ2.5-glia-a2) and FRPQQPYPQ (DQ2.5-glia-a3; Sollid et al., 2012) . In some a-gliadins, one DQ2.5-glia-a1a, two DQ2.5-glia-a1b and three DQ2.5-glia-a2 epitopes overlap in a 33-mer peptide that is resistant to proteolytic digestion and is highly toxic in patients with CD ( Figure 6 ). Of the Ae. tauschii agliadins, a1 contains none of these epitopes. a3, a7 and a9 each contain one DQ2.5-glia-a1a (red) and one DQ2.5-gliaa2 epitope (black line above), while a5, a6 and a8 each contain one DQ2.5-glia-a1a (red), one DQ2.5-glia-a1b (blue underline) and two DQ2.5-glia-a2 epitopes (black line above). All but a1 and a6 also contain the DQ2.5-glia-a3 epitope (blue). None of the a-gliadins identified in this study contains the complete 33-mer toxic peptide. A BLASTp search further reveals that none of the 133 a-gliadin sequences from Ae. tauschii currently represented in the NCBI database contains the 33-mer peptide. This is consistent with the report of Ozuna et al. (2015) , who found the 33-mer only in a-gliadins from hexaploid wheat. Nonetheless, it is interesting that a duplication of PYPQPQL in a5, a6 and a8 as also suggested by Ozuna et al. (2015) would yield the 33-mer. Its absence in Ae. tauschii supports the hypothesis that the generation of a-gliadins containing the 33-mer toxic peptide occurred after the polyploidization of wheat.
Most a-gliadin contain six cysteine residues that form intramolecular bonds, and these proteins are therefore present in the flour as monomers. In two of the Ae. tauschii agliadins, a serine residue has been replaced by a cysteine residue as a result of a single C to G substitution (Figure S1 ). The additional cysteine residue in a6 and a7 could enable these gliadins to form intermolecular disulfide bonds with glutenin subunits and thereby link into the glutenin polymers. It is generally thought that gliadins with odd numbers of cysteines act as chain terminators of the glutenin polymer, limiting its size and potentially influencing flour quality (D'Ovidio and Masci, 2004) . The data suggest that at least some of the chain terminators in hexaploid wheat originate from the D genome. Sequences from the beginning of the 33-mer toxic peptide to the beginning of the first poly Q region are shown for each protein. DQ2.5-glia-a1a epitopes are shown in red, DQ2.5-glia-a1b epitopes are underlined in blue, DQ2.5-glia-a2 epitopes are indicated with a black line above the sequence, and DQ2.5-glia-a3 epitopes are shown in blue. For reference, the sequence of the 33-mer toxic peptide is shown at the top with overlapping DQ2.5-glia-a1a, DQ2.5-glia-a1b and DQ2.5-glia-a2 epitopes.
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DISCUSSION
Because of the complexity of the a-gliadin multigene family, the organization of genomic regions carrying the entire Gli-2 locus had not previously been well characterized. In this study, we provide a high-quality sequence of the Ae. tauschii Gli-2 locus region by combining multiple sequence resources and Ae. tauschii BioNano genome map data. This represents the first report that an entire a-gliadin locus region has been completely sequenced in any Triticeae species. Our detailed sequence analysis and comparison with orthologous regions from more compact grass genomes provides new insights into the structure and evolution of the a-gliadin gene region.
a-Gliadin genes are the youngest group of prolamins in wheat and its ancestral species
Genes similar to the wheat prolamins are unique to Triticeae species . Therefore, genomic regions carrying the prolamin genes seldom show good synteny with orthologous regions of other cereal crops, such as rice and maize, suggesting their unique origin and evolutionary path (Gu et al., 2010; Dong et al., 2016b) . It has been proposed that during grass genome evolution, prolamin genes were either tandemly duplicated or copied and dispersed to different chromosomal locations, resulting in further amplification (Xu and Messing, 2009 ). It is not confirmed if the tightly linked Glu-3 and Gli-1 loci encoding LMW glutenin and c-and x-gliadin genes are derived from a similar mechanism. However, we do know that gene dispersal events giving rise to the prolamin loci occurred in the common ancestor of the Brachypodieae and Triticeae as the orthologous region of Brachypodium contains multiple gene sequences that share considerable similarities with prolamin genes in the Glu-3 and Gli-1 loci (Dong et al., 2016b) . The analysis of the a-gliadin region shows that the evolution of the Gli-2 locus region harboring the a-gliadin gene family appears to have taken place at a different evolutionary time. Comparison with the orthologous regions in rice, sorghum and Brachypodium revealed that a-gliadin gene sequences were only present in the Ae. tauschii region (Figure 2) , suggesting that by evolution, the a-gliadin locus is the youngest among the prolamin loci in the Triticeae species. The a-gliadins are S-rich, mainly monomeric prolamins that are present in wheat and closely related species of Triticum and Aegilops, but are not present in rye and barley (Shewry and Tatham, 1990) . The rye and wheat species separated seven million years ago, and both these lineages and barley diverged from a common Triticeae ancestor about 11 million years ago (Huang et al., 2002) . This suggests that the dispersal of an ancestral a-gliadin gene into the Gli-2 locus occurred after the divergence of rye and diploid ancestral wheat species. A BLAST search using the genes in the Ae. tauschii regions against the available barley and rye genome sequences confirmed the absence of a-gliadin gene sequences in these closely related species. Comparisons at the amino acid sequence level suggested that a-gliadins were more similar to c-gliadins (Shewry and Tatham, 1990) . Phylogenetic analysis also indicates that agliadins are closer to c-gliadins than to HMW glutenin and LMW glutenin (Xu and Messing, 2009) . Therefore, we hypothesize that an a-gliadin gene arose from the duplication of a c-gliadin gene in the Gli-1 region on chromosome 1 followed by translocation into its current location on chromosome 6. After that, the dispersed gene further duplicated and diverged to form the a-gliadin group.
Mechanisms involved in the gene duplication and expansion
Gene duplication followed by integration/translocation into a different chromosomal location is one of the most predominant explanations for the presence of non-syntenic genes when orthologous regions are compared (Glover et al., 2015) . In grass genomes, particularly those from Triticeae species, the occurrence of non-syntenic genes is usually very high. Compared with rice, sorghum and Brachypodium, 45% of the annotated genes in Ae. tauschii 3DS chromosomal region are non-syntenic (Xie et al., 2017) . A similar rate of non-syntenic genes was also reported for the Chinese Spring 3B chromosome (Glover et al., 2015) . It has been shown that these non-syntenic genes often result from gene duplication in one location, followed by translocation/integration into a different chromosomal location. Such dispersed gene duplication often occurs at a single gene level, providing an explanation for the observation that in most cases, non-syntenic genes are not present in blocks (Glover et al., 2015) . Studies also showed that the rate of non-syntenic genes is positively correlated with the recombination in the region, suggesting that high recombination plays an important role in gene movement from different locations (Xie et al., 2017) . This is particularly true for the 2.8-Mb Ae. tauschii genomic region carrying the Glu-3 and Gli-1 loci. This region has a recombination rate that is ninefold higher than the genome average, and contains 13 syntenic genes shared among the grass species analyzed but over 80 non-syntenic genes (Dong et al., 2016b) .
Gene family size is contributed by both tandem/local gene duplication and segmental duplication. Studies on large gene families have shown that there are negative correlations between tandem/local gene duplication and dispersed segmental gene duplication in a specific gene family. It has been proposed that the type of gene duplication mechanism for gene expansion corresponds to differences in functional roles of the members of the gene families (Cannon et al., 2004; Carretero-Paulet and Fares, 2012) . In the analyzed a-gliadin region, the number of non-syntenic genes was much higher than other grass genomes, suggesting this site has been the recipient of several genes undergoing dispersed duplication (Figure 2 ; Table S1 ). Clearly, tandem/local gene duplication has also played an important role in the expansion of the gene numbers in this region. Among the seven ancestral genes, three were duplicated in Ae. tauschii only. GLR is a conserved gene in the examined eukaryotic genomes but, in Ae. tauschii, it was duplicated multiple times to generate four copies. Some non-syntenic genes have also been duplicated after their dispersed duplications. Genes encoding an F-box/FBD/LRR-repeat protein have five copies in the region. The a-gliadin genes have 12 copies between two GLR genes, likely resulting from multiple rounds of tandem gene duplications. The observation that non-syntenic genes were inserted within the large a-gliadin gene family may support the notion that the a-gliadin locus is the youngest prolamin locus, and duplication of a-gliadin genes is a rapid and recent evolutionary process. Taken together, the a-gliadin region seems to be a hotspot for both dispersed and tandem gene duplication. Although the mechanism underlying the dispersed duplication is not well understood, tandem gene duplication is believed to arise by unequal crossing over, which results from homologous recombination between paralogous sequences or non-homologous recombination by replication-dependent chromosome breakages (Reams and Roth, 2015) . The notion that tandem gene duplication has occurred in different types of gene families within the region suggests a chromosomal position effect or a hotspot for tandem gene duplication. Genetic analysis using SNP marker data revealed that the recombination rate (0.42 cM Mb À1 ) in the Gli-2 region is not much higher than the genome-wide average (0.33 cM Mb À1 ; Luo et al., 2013) . Therefore, other unknown mechanisms might play a role in the rapid evolution observed in the Gli-2 region.
Evolution of a-gliadin genes after duplication
Gene duplication is one of the most important evolutionary events that generate genetic diversity and functional novelty. In general, duplicated genes that are not constrained by dosage balance can more readily undergo further evolution through four trajectories (conservation, neofunctionalization, subfunctionization and specialization; Panchy et al., 2016; Wang et al., 2016) . The a-gliadin gene duplicates appear to take the conservation trajectory, as they all have the same endosperm-specific expression pattern and their products function as a nutrition repository for seed germination. In the case of GLR genes, the ancestral GLR gene (GLR4) likely maintains the original function as GLR4 is phylogenetically closer to the orthologs from other species (Figure 3a) . Based on the phylogenetic data and divergent expression patterns (Figure 3) , the other duplicates are likely in the process of undergoing neofunctionalization.
Interestingly, the two gene families expanded in the same genomic region, but may have different evolutionary fates. Mechanisms for the retention and fate of duplicates are very complex, involving the expression, function and selection of duplicated genes (Panchy et al., 2016) . We showed that in most cases, the duplicates of a-gliadin genes spanned a region that includes the intact promoter, the coding region and the 20-kb Hawi structure. The tissue-specific expression driven by the conserved promoter seems to determine their localization and function. In the case of GLR genes, sequence conservation is limited to the coding region. Their promoter and 3 0 non-coding regions are very divergent ( Figure S2 ). At this point, it is not clear if the duplication only occurred in the coding region or if the duplicated non-coding region had a faster evolutionary rate, resulting in such a sequence divergence. Nevertheless, the divergence in the promoter region might have caused the difference in expression and could facilitate the functional divergence of the duplicated genes.
In conclusion, previous studies indicated that prolamin loci have great allelic diversity in regard to copy number variation, sequence diversity and expression levels. These allelic variations are often associated with grain end-use traits and immunogenic potentials (Shewry and Tatham, 2016) . The detailed structural and evolutionary data presented here significantly improve current understanding on the large and complex Gli-2 chromosomal region shared by Ae. tauschii and other Triticeae species. The insights and resources generated should facilitate further studies of a-gliadin gene regions, which may lead to novel strategies for enhancing the end-use and nutritional quality traits, and decreasing the immunogenic potential of bread wheat and related crops.
EXPERIMENTAL PROCEDURES
Identification and sequencing of the Ae. tauschii a-gliadin region
To identify the a-gliadin gene region in Ae. tauschii, 328 Triticeae a-gliadin gene sequences from NCBI were downloaded and used for BLASTN searches against the assembled Ae. tauschii genome sequences (version 3.0). We then used the hybrid assembly generated with Pacbio mega_reads to close the gaps in the extracted sequence and to resolve the assembly errors in areas in conflict with the BioNano map in the 1.75-Mb a-gliadin region Zimin et al., 2017) . In this gap-filling step, PacBio scaffolds were first identified and then aligned with the a-gliadin genomic regions from the Ae. tauschii genome sequence (version 3.0) using DNASTAR Lasergene software (www.dnastar.com) to visualize the gap regions and fill the gaps manually one by one using the PacBio sequences. The final sequence was submitted to NCBI GenBank under accession number of MF198620. uzh.ch/kelldata/trep-db/index.html). Sequences that were not identified as repetitive were used in BLASTX and BLASTN searches against the NCBI non-redundant (nr) protein and nucleotide (nt) database, respectively. The sequences were also submitted to TriAnnot pipeline for gene annotation (Leroy et al., 2012) . Predicted genes were considered true genes according to two criteria: (i) they had homology at the protein level (E value ≤ 1e5) to expressed sequence tags or an annotated gene in one of the sequenced grass genomes; (ii) the corresponding Ae. tauschii protein covered at least 50% of putative orthologous genes in rice, Brachypodium or sorghum protein. The same criteria were employed to validate the gene annotations in rice, sorghum and Brachypodium.
Sequence analysis and gene annotation

Comparative analysis with other grass genomes
The genes identified in Ae. tauschii were used as queries to identify orthologous regions in Brachypodium (Brachypodium distachyon, version 3.1), rice (version 7.0) and sorghum (version 2.1) with an E value of 1e À5 or lower. Because gene annotation often includes TEs, only the genes that had homologs in other monocots were included. The identification of lineage-specific changes was based on the criteria set by Massa et al. (2011) . If the gene order in rice, sorghum and Brachypodium differed from that in Ae. tauschii, it was assumed the structural change happened in Ae. tauschii. If rice, Brachypodium and Ae. tauschii showed the same order and sorghum was different, it was assumed that the change occurred in sorghum.
Promoter cis element analysis
For promoter analysis, regions of~1000 bp upstream of the start codon of the 11 a-gliadin genes (the promoter region of a2 has been deleted) were extracted. A pattern search on the promoter regions of a-gliadin genes was performed to identify cis-regulatory elements, including the GCN4-like motif (TGAGTCA), the prolamin box (TGT/CAAAG) and the RY repeat (CATGCAC/T) using the web-based PlantPan tool (http://plantpan2.itps.ncku.edu.tw/).
Transcriptome data analysis
Publically available Ae. tauschii RNA-Seq data (Jia et al., 2013) from eight different tissues/organs (pistil, stamen, root, leaf, stem, sheath, spike and seed) were downloaded and used for gene expression analysis with RNA-Seq analysis package in CLC genomics workbench 8.5 (https://www.qiagenbioinformatics.com/). The expression level (RPKM) of annotated genes was calculated using the function in the CLC genomics software package.
Phylogenetic analysis
Nucleotide and protein sequences were aligned using ClustalW. Phylogenetic trees were constructed with the MEGA7 program using the neighbor joining method (Tamura et al., 2013) . Phylogeny was tested by the bootstrap method with 1000 replications.
